Abstract. Neural precursor cell expressed, developmentally downregulated 9 (NEDD9), a gene exclusively expressed in the brain during embryonic stages but not in brains of adult mice, is an important cytoskeletal protein and regarded as a 'router/hub' in cellular signal transduction processes connecting external stimulation signals with downstream target proteins that can directly promote tumor metastasis. Numerous studies showed that NEDD9 has an essential role in cell proliferation, apoptosis, adhesion, migration and invasion. The roles of NEDD9, including the underlying mechanisms of its regulation of cell migration, its distinctive functions in various tumor stages and its association with other diseases, are required to be elucidated at large. Future studies of NEDD9 may provide a more profound understanding of the development of tumor invasiveness and NEDD9 may serve as a potential novel target for tumor therapy. The present review examined the significant roles of NEDD9 in the abovementioned processes.
Introduction
Neural precursor cell expressed, developmentally downregulated 9 (NEDD9), a gene exclusively expressed in the brain during embryonic stages but not in the brains of mature mice, was firstly identified in 1992 by Kumar et al (1) by subtractive cloning technology. In 1996, Law et al (2) was the first to ascribe a biological function to NEDD9. They screened a number of genes that can induce the sprouting of filamentous yeast and found a number of proteins that was able to regulate human cell polarity and the cell cycle. Among these proteins, human enhancer of filamentation 1 (HEF1) is expressed in a variety of human cell lines and effectively regulates yeast-cell polarity due to its RecQ C-terminal domain (2) . Also in 1996, Minegishi et al (3) identified Crk-associated substrate-related protein lymphocyte type (Cas-L) as they studied a tyrosine hyper-phosphorylated protein under the activation of T cell β1-binding; Cas-L was shown to be identical to NEDD9/HEF1 by sequence alignment (3) . Therefore, NEDD9, HEF1 and Cas-L are three different names for the same gene and are used interchangeably.
To date, no evidence has indicated that NEDD, as a cytoskeletal protein, has enzyme activity; however, several structural domains interacting with various proteins have been identified. In vertebrates, the two proteins p130Cas/breast cancer anti-estrogen resistance protein (BCAR)1 (4) and embryonal Fyn-associated substrate (EFS)/Src interacting or signal integrating protein (SIN) (5-7) in NEDD9 and Cas families share quite similar structural domains. p130Cas, as the first identified protein of the Cas family, is expressed in most tissue types and cell lines and contributes to cell adhesion and migration (8) . According to sequence analysis, p130Cas and NEDD9 display a high degree of homology. Thus, it was once thought that p130Cas and NEDD9 had similar functions in the regulation of cell adhesion and migration. The present review focused on further in-depth study of NEDD9.
The NEDD9 gene is located in the human chromosome 6p25-24 locus and the overall length of its mRNA is 2505 nt, coding a total of 843 amino acids (Fig. 1) , where 10-65 amino acids encode the SH3 structural domain (9) . At least 15 SH2 structural domains containing 90-350 amino acids, known as the substrate domain (10), interact with proteins containing the SH2 structural domain. The 350-650 amino acids identified by bioinformatics analysis, rich in serine and containing four helical structures (11) , are likely to be protein binding sites. The c-terminus of NEDD9 is a highly evolutionarily conserved domain that binds with a group of spiral-loop-spiral proteins to form dimers and heterodimers in the Cas protein (12).
Regulation of gene expression by NEDD9
The regulation of NEDD9 expression is a dynamic complex process, including phosphorylation, transcriptional activation and proteolysis, which exerts a direct or indirect influence on various biological processes. Normally, SDS-PAGE analysis of NEDD9 protein displays two electrophoretic bands at 1,055 and 115 kDa (13), which are above its molecular weight of 93 kDa, illustrating that the high degree of phosphorylation has a key role in the regulation of gene expression by NEDD9.
Focal adhesion kinase (FAK) and Src protein families were the first proteins identified to be involved in the regulation of NEDD9 phosphorylation (14, 15) . In the cell adhesion process, integrin firstly activates FAK; then, the activated FAK generates Src binding sites by tyrosine phosphorylation near the NEDD9 C-terminal domain, and finally, more extensive phosphorylation of the NEDD9 substrate structural domain is generated (Fig. 2) .
The phosphorylation of NEDD9 enables it to bind with effector molecules correlated with cell migration, cell invasion and proliferation signaling pathways. In certain types of cancer cell, even without activation by integrin, NEDD9 phosphorylation can be undertaken only through overexpression or activation of FAK and Src (16) . As another member of the Cas family, EFS/SIN activates Srs with p130Cas and causes a similar activation effect to that of NEDD9. However, their binding domains with Srs may be different to those of NEDD9 (17) . A study showed that FAK acts as an activation agent of NEDD9 (18) . NEDD9 phosphorylation is affected by cytoskeleton actin integrity. Actin fracture caused by pharmaceutical substances can result in NEDD9 dephosphorylation. A study by Bargon et al (19) indicated that NEDD9 dephosphorylation brings about a change of Rho kinase activity and a change in the hardness of cytoskeleton actin.
The expression levels of NEDD9 are low in resting cells; however, they sharply increase when cells enter cell cycle (13) . Although the regulation of NEDD9 expression has not been thoroughly elucidated, certain inducible factors were found to regulate NEDD9 expression. Transforming growth factor (TGF)-β was identified to upregulate NEDD9 mRNA levels and enhance protein expression (20) . In two different retinoblastoma cell lines, the metabolite of vitamin A, all-cis retinoic acid (asRA), induced NEDD9 expression, illustrating that NEDD9 expression is associated with nerve-cell development (21, 22) . In a rat model of cerebral ischemia, NEDD9 was shown to be highly expressed in cerebral cortex and Hippocampal neurons (23) .
Studies on ovarian cancer and melanoma cells indicated that enhancement of NEDD9 expression is an important process in promoting cancer metastasis (18, 24) . (Sex determining region Y)-box 2 and NANOG were also found to combine with the promoter site of NEDD9 (25) . However, the functions of these two proteins and their association with cancer are required to be confirmed by further studies.
Negative regulation of NEDD9 levels, including proteolysis or degradation, occurs after gene transcription and results in corresponding decreases in biological function. At the telophase of mitosis, the amount of NEDD9 decreases due to degradation caused by proteolytic enzymes (13, 26) . During cell apoptosis, the specific DLVD and DDYD cleavage sites for caspase are incised into several short fragments, which negatively regulates the NEDD9 signaling pathway (27) .
TGF-β signaling pathways also have a role in NEDD9 proteolysis. NEDD9 directly interacts with ubiquitin ligase, Smad proteins and certain factors correlated with target protein degradation or proteolytic cleavage, finally resulting in NEDD9 proteolysis. Furthermore, NEDD9 can regulate the activity of Smad protein as well as inhibit the TGF-β signaling pathway (28) (29) (30) (31) (32) . The close association with TGF-β indicates that NEDD9 has an important role in tumor metastasis.
Roles of NEDD9 in cell migration, adhesion and invasion
Cell migration is a complex process including the change of cell polarity, formation of microfilament and microtubules, and finally more complex regulation, involving cell membrane dynamics and adhesion plaque formation. NEDD9 is located in the cell adhesion plaque and influences cell migration through regulating the interaction of significant molecules that induce cell migration (33) . As a normal physiological process of the body, cell migration has a positive impact on embryonic development and the inflammatory response. However, cell migration is abnormally activated in a large proportion of malignant cancer cells, which is attributed to the abnormal regulation of normal cells' non-pathological migration mechanism in metastatic carcinoma. It was also found that changes in NEDD9 expression have an important role in the non-pathological movement of hematopoietic system cells (34) , as well as in the migration processes of melanoma (18) , breast cancer (35) and glioma (36) . The C-terminus of peptides in NEDD9-overexpressing cells can induce the cells to become round and more extended (37), followed by loss of inter-cellular junction adhesion (38) . These studies demonstrated that NEDD9, similar to p130Cas (39), directly regulates the formation and dissociation of focal adhesion. In vitro migration and in vivo invasion assays showed that the interaction of NEDD9 and FAK is a crucial initial event during cell migration and invasion processes (40-42). After phosphorylation by Src and FAK, NEDD9 directly interacts with adaptor molecule Crk (15) . Studies on p130Cas of the Cas family showed that Crk can interact with p130Cas, recruit exchange factor dedicator of cytokinesis 180, activate guanosine triphosphatase (GTPase) Ras-related C3 botulinum toxin substrate (RAC) (43) and finally cause the cell membrane to fluctuate and extend through polymerization of actin-related protein 2/3 (44,45) and activation of p21-activated kinase (46) . In addition, Crk was able to activate C3G and another migration pathway through GTPase Ras-related protein 1 (Rap1) (47) . Even though, the activity of NEDD9 appears similar to that of p130Cas, the mechanisms of the cell migratory pathways stimulated by the two factors require further study. It is noteworthy that the substrate binding site domain of NEDD9 has a binding area that can bind with Crk as well, whereas it remains elusive whether it can cause the activation of Rac and Rap. NEDD9 can also interact with signaling proteins, including BCAR3/AND-34/SHEP2/Nsp2 and CHAT-H/SHEP1, which activate downstream effector molecules through regulating the activity of GTP enzyme (48) (49) (50) (51) and finally promote cell migration and invasion.
In vitro experiments showed that NEDD9 overexpression in various cell types can promote cell migration, including the speed of random migration and its tropism (37, (40) (41) (42) , while downregulation of NEDD9 expression can decrease cell chemotaxis (34) . It was suggested that the roles of NEDD9 and p130Cas in cell migration are not identical but associated with tissue specificity. For instance, Natarajan et al (36) found that NEDD9 can promote cell migration and invasion in glioma, while p130Cas does not have this function. Another study showed that p130Cas cannot replace the role of NEDD9 in lymphocyte migration in NEDD9 knockout rat models (34) .
Inhibition of the expression of Pho kinase, decreased expression of FAK or dominant negative mutation inhibition of FAK can reverse cell migration caused by NEDD9 expression (18, 19, 50) . Of note, in epithelial cells in which Rho expression is inhibited, NEDD9 can induce the formation of neurite-like extensions (19) , which indicates that a variety of downstream extension factors may exist. The overexpression of NEDD9 can also activate downstream factors, including mitogen-activated protein kinase, extracellular signal-regulated kinase 1/2 and INK, though the specific function of these factors in the cell migration pathway regulated by NEDD9 has not been elucidated (37) . The overexpression of NEDD9 can also activate certain genes with roles in cell migration, including matrix metalloproteinases (MMPs), myosin lightchain kinase, depolymerization-associated genes, Rho kinase, Nck-interacting kinase, receptors of TGF and ErbB2/Her2/Neu receptors (37) . Although the precise effects of these cell factors have not been fully elucidated, it was shown that factors including MMPs and depolymerization-associated proteins promote cell migration and invasion (52).
Roles of NEDD9 in cell apoptosis
Normal cell apoptosis is initiated by caspase cleavage, which is thereby activated and cleaves other proteins and cell components. Apoptosis is accompanied by morphological alterations, including round cell shape, cell membrane protuberances and adhesion plaque decomposition. Cleavage of cell components executed by caspases can cause target molecule activation or inactivation during cell apoptosis. NEDD9 and p130Cas are target proteins for caspases-mediated cleavage (53, 54) . Cleavage of NEDD9 can inhibit integrin activity, which means that NEDD9 serves as a sensor in the formation of adhesion plaque. Accordingly, inhibition of integrin can cause the activation of caspases (55) . In MCF-7 breast cancer cells and other cancer cell types (27) , overexpression of the NEDD9 c-terminal 28 kD peptide can induce cell apoptosis. Furthermore, overexpression of whole NEDD9 protein can induce apoptosis as well. It has been suggested that low-level cleavage of NEDD9 generates a small amount of p28 that causes adhesion plaque decomposition and cell apoptosis (56) . In MCF-7 cells, NEDD9 initially promotes cell migration and finally causes apoptosis, indicating that the role of NEDD9 is cell cycle-dependent (57) . However, studies on Jurkat cells, glioma cells and melanoma cells showed that overexpression of NEDD9 does not result in apoptosis; in contrast to MCF-7 breast cancer cells, which have a relatively low tumor formation ability, these cells are all highly metastatic and invasive (58) . A possible explanation for this observation is that cell survival pathway activation is indispensable to the conversion process of the metastatic phenotype in cancer cells. NEDD9 can only promote cancer cell metastasis on the premise of previous survival-pathway activation.
Roles of NEDD9 in cell cycle control
In the quiescent stage and G1 stage of the cell cycle, the expression of NEDD9 is low. It gradually increases in S stage and reaches a peak in G2/M stage (13). Pugacheva and Golemis (59) found that NEDD9 mainly lies in the centrosome of mitosis in G2 stage; when mitosis commences, NEDD9 moves to the intermediate zone of mitosis along the spindle; when the cytoplasm divides, NEDD9 is present in the midbody. Overexpression of NEDD9 can increase the number of spindles and centrosomes in mitosis phase, which leads to the failure of cytoplasmic separation (60) . However, low expression of NEDD9 can cause pre-mature centrosome separation and a lack of tubulin activation during the separation process, which generates single-stage or asymmetric spindles and leads to cell division failure. Cells with abnormal expression of NEDD9 remain in G1 stage, which is consistent with the view that NEDD9 triggers cells to enter mitosis, and due to this cell cycle arrest, cells finally enter apoptosis.
To date, although the precise mechanism of the regulation of the cell cycle by NEDD9 has not been fully elucidated, certain mechanisms have been preliminarily confirmed (Fig. 4) . Initially, prior to cell mitosis, NEDD9 combines with centrosome kinase Nek2 to induce Nek2 activation, which results in centrosome separation. In NEDD9-negative cells, NeK2 is prematurely activated and causes the premature separation of the centrosome. Furthermore, during the progression from G2 to M stage, NEDD9 activates aurora A and the timely activation of aurora A has a crucial role in the process of mitosis. If aurora A cannot be activated in time for cell division, cells present with the same phenotype as that of NEDD9-negative cells (60) . Finally, NEDD9 can interact with epithelial cell transforming 2, which can specifically activate RhoA during mitosis (61) . The activation of RhoA can regulate several key steps of mitosis. Therefore, overexpression of NEDD9 causes abnormal increases of RhoA activity and cells stay in mitosis phase.
Roles of NEDD9 in development
NEDD9 also has an important role in signal transduction of developmental cells and non-cancerous cells. Using gene knockout technology, Seo et al (34) found that NEDD9-deficient mice gained enhanced survival and fertility without any obvious tissue abnormalities, while p130Cas-knockout mice died on the eleventh day of the embryonic period (62) , which means that the function of NEDD9 can be completely replaced by p130 or other proteins. A great number of studies showed that the deficiency of NEDD9 leads to disturbances in development. Studies on the normal differentiation of nerve cells and brain development showed that NEDD9 has a significant role during this process. Merrill et al (21, 22) found that NEDD9 has an important role in brain development by screening all-trans retinoic acid (atRA) in a cDNA-subtractive library, which represents the gene sequence that is expressed in target cells, but not expressed in second cells (different types or cell under different conditions). In the brain developmental process, atRA, as an important regulatory factor, can promote the extension and development of neurites. Upregulation of NEDD9 expression may be a crucial approach to active atRA. Furthermore, NEDD9 also can interact with molecule interacting with Casl, which can regulate the activity of plexin A and activate the semaphorin 3A signaling pathway to regulate the development of the nervous system. Studies of gonadal differentiation in mice also found that NEDD9 is a gender-specific gene; however, the roles of NEDD9 in sexual development require further investigation.
NEDD9 as a target for cancer therapy
As a cytoskeletal protein, NEDD9 serves as a link in signal transduction processes. NEDD9 contributes to the cell cycle and expression or activation of numerous regulatory proteins. Due to the 'router' function in cells, NEDD9 has a wide-ranging influence on cell proliferation. In the early phase of normal cells and cancer cells, the increased expression of NEDD9 can enhance the migration and invasion abilities of cells.
Furthermore, NEDD9 can initiate post-mitotic defects associated with the failure of cytoplasm movement. Once NEDD9 is fragmented into segments, it causes cell adhesion and apoptosis. NEDD9-overexpressing malignant tumors commonly feature a wide range of pre-cancerous lesions, including the inhibition of p16Ink4, activation of Ras, translation of human T-lymphotropic virus 1 and the BCR-ABL generated by translocation (18, 42, 63) . Hence, cancer cell invasion, apoptosis and cell division can be inhibited through modification of these signaling pathways, which provides novel approaches for inhibiting NEDD9-overexpressing metastatic tumors.
NEDD9 has various roles in tumorigenesis depending on the tumor type; this should be taken into account by clinicians in the interpretation of NEDD9 overexpression in various tumor cell types. For example, in solid tumors, overexpression of NEDD9 may have different biological functions from those in hematopoietic tissue tumors . It is hard to tell whether NEDD9 overexpression is the key factor for tumor invasion in hemocytes, since it is normal for hemocytes to invade other tissues. However, in epithelial cells, NEDD9 can be identified as a biomarker of invasive solid tumors (64) .
Previous studies of NEDD9 focused on the first step of cell invasion: Tumor cells escaping from the settlement site (65, 66) . Therefore, it is likely that activation of NEDD9 may lead to cell migration. The overexpression of NEDD9, a significant biomarker in metastatic melanoma, can promote lung metastases in malignant tumors; however, the processes NEDD9 is involved in are more complex. For example, NEDD9 expression was decreased in the highly metastatic breast cancer cell line MDA-MB231, further indicating that NEDD9 has different roles depending on the tumor type (57) .
NEDD9 is a tumor metastasis-promoting gene; however, p130Cas does not have the same function. In normal cells, the expression levels of NEDD9 are maintained in a dynamic balance through transcriptional and proteolytic enzyme degradation regulation (13) . In normal cells, various biological effects, including changes of the cell cycle, apoptosis and cell migration, can be achieved by strict regulation of NEDD9 expression.
To date, a profound understanding of the role of NEDD9 in the change of benign to invasive and malignant tumors has been acquired. At the same time, NEDD9 provides a novel target for cancer therapy, particularly that of invasive tumors. However, since NEDD9 does not have any obvious catalytic activity, it remains difficult to target NEDD9 with drugs. However, by blocking the interaction of NEDD9 with other proteins through drugs, or by using RNA interference technology to reduce NEDD9 expression levels may inhibit tumor metastasis.
NEDD9 is probably not an essential protein, as NEDD9 knockout mice can survive, which implies that treating tumors with drugs or through inhibiting NEDD9 expression is feasible. The overexpression of NEDD9 leads to the activation of Ras; therefore, inhibition of the BRC-ABL signaling pathway or Ras function by drugs may produce therapeutic effects against invasive and malignant tumors caused by NEDD9-overexpression (67, 68) .
There remains a large amount of unanswered questions regarding NEDD9, including the pathways via which it regulates cell migration, its distinctive functions in different tumor stages and its association with other diseases. Further study of NEDD9 may provide a more profound understanding of the development of invasive tumors. NEDD9 may serve as a potential novel target for tumor therapy, therefore having a positive significance.
